A significant fraction of the total time required to develop new cultivars is dedicated to inbreeding, a process where alleles become fixed at the majority of loci across the plant genome to result in inbred lines exhibiting a high degree of phenotypic uniformity. After an initial cross is made between two or more lines, at least three generations of inbreeding are typically conducted in segregating populations to develop new lines that are subsequently evaluated for economically important traits (such as yield) in replicated field testing. Opportunity for selection, which increases the frequency of desirable alleles in succeeding generations, is dependent on the traits of interest and the particular breeding methodology being utilized.
www.crops.org crop science, vol. 53, november-december 2013 RESEARCH A significant fraction of the total time required to develop new cultivars is dedicated to inbreeding, a process where alleles become fixed at the majority of loci across the plant genome to result in inbred lines exhibiting a high degree of phenotypic uniformity. After an initial cross is made between two or more lines, at least three generations of inbreeding are typically conducted in segregating populations to develop new lines that are subsequently evaluated for economically important traits (such as yield) in replicated field testing. Opportunity for selection, which increases the frequency of desirable alleles in succeeding generations, is dependent on the traits of interest and the particular breeding methodology being utilized.
The time required to develop new inbred lines and to complete a breeding cycle is dependent on generation time (duration from seed to seed) and the potential to carry out multiple generations of inbreeding per year. When multiple breeding cycles are taken into consideration, this duration affects the potential rate of genetic gain per year (Fehr, 1987) . A number of techniques have been described to reduce the time needed to develop inbred lines. For example, the single-seed descent (SSD) method of breeding (Brim, 1966) is used by breeders of some crops to advance multiple generations per year through utilization of greenhouse or off-season nursery facilities. Doubled-haploid procedures that can generate completely inbred lines in only a few steps have also been developed for some
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ABSTRACT
Methods for rapid inbreeding are desirable for reducing the time required to complete a breeding cycle and to increase genetic gain per year.
Constitutive expression of FLOWERING LOCUS T (FT) derived from
Arabidopsis has previously been shown to reduce generation time in tobacco (Nicotiana tabacum L.) and other crop plants. Here, we used tobacco as a model system to investigate the utility of a modified single-seed descent (SSD) breeding method where transgenic expression of 35S:FT was used to reduce generation time during inbreeding. The transgene was maintained in hemizygous condition during inbreeding, and null segregants were isolated in the F 4:5 generation to create nontransgenic F 5:6 lines that were produced in nearly half the time that would have been required using conventional SSD. opportunities for selection among 35S:FT plants during inbreeding were demonstrated by selecting for quantitative levels of resistance to the soil-borne pathogen Phytophthora nicotianae. populations of selected lines exhibited significantly higher levels of resistance relative to random lines, greater frequencies of highly resistant genotypes, and lower frequencies of highly susceptible genotypes. The system outlined here could lead to more rapid commercialization of improved cultivars in crop species amenable to manipulation of flowering time via transgenic expression of FT-like genes. Strategies to enhance the frequency of favorable alleles in resulting populations can be incorporated into the method.
crop species (Forster et al., 2007; Dunwell, 2010) . Selection may be conducted for certain simply inherited characteristics during SSD (Fehr, 1987) . In doubled-haploid breeding, selection can be performed among haploid individuals for some traits before chromosome-doubling (Rufty et al., 1987; Campbell and Wernsman, 1994) . Techniques that reduce generation time might also be incorporated into a breeding program to help decrease the amount of time needed to complete a breeding cycle. Some plant species can be induced to flower through grafting (Lang et al., 1977) or exposure to specific combinations of temperature and/or photoperiod. This approach can be erratic and may not be applicable to many crop species, however. Recently, much knowledge has been gained about the genetics, molecular biology, and physiology of floral induction (Koornneef et al., 1998; Mouradov et al., 2002; Jaeger et al., 2006) . Researchers have isolated a number of genes playing major roles in flowering, including the Arabidopsis thaliana (L.) Heynh. gene FLOWERING LOCUS T (FT) which has been shown to encode for a mobile signaling molecule that triggers flowering (Kardailsky et al., 1999; Corbesier et al., 2007) . When expressed constitutively or via viral vectors, FT and its orthologues can induce very early flowering in tobacco (Nicotiana tabacum L.), tomato (Solanum lycopersicum L.), and other plants (Hsu et al., 2006; Lin et al., 2007) .
Tobacco has been used as a model system to develop and study novel plant breeding methodologies such as plant transformation (Barton et al., 1983; De Block et al., 1984; Horsch et al., 1985; An et al., 1986 ) and doubled-haploid approaches (Wernsman, 1992) . Lewis and Kernodle (2009) used tobacco to demonstrate a modified backcrossing technique utilizing stable expression of FT driven by the constitutive CaMV 35S promoter during backcross generations to accelerate transfer of single genes from one genetic background to another. Expression of 35S:FT might also augment certain methods of inbreeding to reduce the time required to complete a breeding cycle and thus increase the potential genetic gain per year.
In this study, we utilized tobacco to investigate a variation of the SSD breeding method where stable expression of 35S:FT is used during inbreeding to reduce the total time required to develop inbred lines. In this system, 35S:FT was maintained in hemizygous condition throughout the inbreeding process, which permitted isolation of null-segregant F 4:5 individuals near the end of the process. Nontransgenic F 5:6 lines were developed in slightly over a single year using this novel breeding technique. The potential for selection for certain traits using this approach was demonstrated through selection for quantitative resistance to Phytophthora nicotianae, the causal agent of the black shank disease. Compared to conventional inbreeding in tobacco, the method has minimal space and cost requirements, and permits for field evaluation of inbred lines for yield potential and other complex traits of interest at least 1 yr earlier than conventional inbreeding schemes.
MATERIALS AND METHODS
Development and Selection of Lines for Resistance to Phytophthora nicotianae
Flue-cured tobacco cultivar K 346 was chosen as a source of a very high level of partial resistance to P. nicotianae. This resistance is polygenic in nature and is not race specific (Antonopoulos et al., 2010; Xiao et al., 2013) . Using procedures previously described by Lewis and Kernodle (2009) Seed from each F 2 population was germinated and seedlings expressing 35S:FT were identified within 30 d after emergence by lower trichome density on the uppermost leaves and visible signs of flower bud initiation. Eight hundred sixty-four 35S:FT F 2 plants from each population were transplanted into plastic trays (Landmark Plastic 50 Corporation, Akron, OH) containing eight sectors of six cells (6 cm by 4 cm by 5 cm) each. Cells were filled with a 2:1 mix of Fafard 2 media (Conrad Fafard Inc., Agawam, MA) and river-bottom sand. Transplanted 35S:FT F 2 plants were grown in a climate-controlled 2.4 by 3.7-m growth chamber under conditions of 16 h light at 30°C/8 h dark at 25°C and constant soil moisture maintained via subirrigation (Fig. 1 ). Approximately 7 d after transplanting, each individual cell was inoculated with P. nicotianae by placing two infested oat (Avena sativa L.) grains (see section below for inoculum preparation) approximately 1.5 cm into the soil at opposite corners of each cell. F 2:3 seed was harvested from individual F 2 plants lacking visible black shank symptoms (stem lesions, plant wilting, or plant death).
The multiple-seed method of SSD (also referred to as modified SSD [Fehr, 1987] ) was performed to ultimately develop F 5:6 lines derived from each cross. In this system, multiple seeds from each chosen plant are planted the following generation. In our situation, we did not have the ability to distinguish 35S:FT heterozygotes from homozygotes. The multiple-seed method of SSD was necessary as a form of "progeny testing" required to maintain 35S:FT in hemizygous condition throughout the inbreeding process and to avoid fixation of the transgene in resulting lines. At the end of the process, and consistent with SSD, each derived line could be traced back to a unique F 2 individual. Approximately 20 F 2:3 seeds from each symptomless F 2 plant were germinated and each F 2:3 family was examined for two original F 2 populations were selected. The same procedures described above were followed during the inbreeding process, except that inoculations with the black shank pathogen were not performed. Also, plants were grown and advanced in a greenhouse setting since highly regulated conditions needed to promote disease development were not required. Thirtyfive F 5:6 inbred lines were randomly chosen from each cross for evaluation of field black shank resistance (70 lines total).
Development of Inoculation Materials
Thirty days before the transplanting of seedlings, cultures of P. nicotianae were initiated on petri dishes containing approximately 50 mL of carrot agar. Carrot agar was generated by autoclaving 50 mL of organic carrot juice (Bolthouse Juice Products LLC, Bakersfield, CA) with 20 g of agar (Sigma Chemical Co., St Louis, MO) in 950 mL of distilled H 2 O. An agar plug containing a P. nicotianae race 0 isolate (provided by Dr. David Shew, Department of Plant Pathology, North Carolina State University) was placed in the center of the carrot agar and allowed to grow until the agar was completely covered with hyphae (7 to 10 d). Inoculated petri dishes were maintained at room temperature in darkness. Autoclaved oat grains were then spread across the agar in a single layer, and plates were maintained in darkness at room temperature until the oat grains were covered by P. nicotianae hyphae (an additional 15 to 21 d).
DNA-based Verification of 35S:FT Null Status in Derived Lines
To verify the nontransgenic status of normal-flowering F 4:5 individuals used to produce F 5:6 seed for field evaluation of black segregation of 35S:FT. One hundred eighty segregating F 2:3 families were randomly chosen from each cross. Six 35S:FT plants per selected F 2:3 family were transplanted and grown in a growth chamber under the aforementioned conditions. Each F 2:3 family corresponded to one six-cell sector and one tray contained eight families. Individual plant cells were again inoculated with P. nicotianae 7 d after transplanting. F 3:4 seed was collected from individuals without visible black shank symptoms.
Approximately 20 F 3:4 seeds from each symptomless individual were germinated and examined for segregation of 35S:FT. Segregating F 3:4 families were selected so that each family could be traced back to a single F 2 individual. Six 35S:FT plants from each selected F 3:4 family were then transplanted, grown, and inoculated with P. nicotianae as previously described. F 4:5 seed was harvested from plants free of black shank symptoms.
Seed of selected F 4:5 families was germinated and screened for segregation of 35S:FT as before. Following the modified SSD method, a single segregating F 4:5 family was selected per original F 2 individual. A single normal-flowering (non-35S:FT ) F 4:5 individual was identified for each selected family, grown in the greenhouse, and self-pollinated to produce F 5:6 seed that was not expected to segregate for 35S:FT. For evaluation of field black shank resistance, 35 F 5:6 inbred lines were randomly chosen from each of the two original crosses (70 lines total).
Development of Random Lines
To evaluate the breeding scheme described above for its effectiveness at selecting favorable alleles affecting black shank resistance, a random set of lines was also developed for each of the two crosses. Two hundred 35S:FT individuals from each of the shank resistance, DNA was isolated and plants were genotyped for the presence of the FT coding sequence, the CaMV 35S promoter, and the nptII selectable marker gene. DNA isolation, polymerase chain reaction conditions, and primer sequences were previously outlined by Lewis and Kernodle (2009) .
Evaluation for Field Black Shank Resistance
Thirty-five F 5:6 lines selected for black shank resistance from each of the two crosses were evaluated for resistance to the disease in the field. They were compared for resistance to 35 random F 5:6 lines from each of the two crosses. Also included in the field experiments were each of the parental lines (TN 90LC, NC1209-23, and K 346 
Statistical Analysis
End percent survival (EPS) and area under the disease progress curve (AUDPC) were calculated for each plot at the conclusion of the field experiments. The EPS was calculated by dividing the final number of surviving plants by the initial stand count. The AUDPC was calculated according to Madden et al. (2007) . After excluding the parental lines, an analysis of variance for EPS and AUDPC was performed over locations using PROC GLM of SAS 9.2 (SAS Institute, Cary, NC) considering the nested structure of the treatments (pedigree, group within pedigree, and genotypes within group within pedigree). All factors except group (selected lines vs. random lines) were considered as random factors. A square root transformation was performed on AUDPC data to reduce heterogeneous error variances. Entry means were calculated using the LSMEANS statement in SAS, and Dunnett's procedure (Dunnett, 1964) was used to compare the resistance of each derived line to that of the highly resistant parental line, K 346.
RESULTS
A modified system of SSD was evaluated where temporary inclusion of a 35S:FT transgene insertion during inbreeding was used to reduce generation time and to decrease the total time required to complete a breeding cycle. During the inbreeding process, plants carrying 35S:FT flowered in approximately 39 d with an approximate range of ±3 d (Fig.  1) . This is significantly earlier than the normal range of flowering for commercial tobacco cultivars (90 to 140 d) ( Fisher et al., 2013) . Rapid flowering permitted expedited advancement from seeding of the F 1 generation to production of seed for F 4:5 families. These steps were completed within a time of only approximately 276 d (Fig. 2) and within the confines of an 8.9-m 2 growth chamber (Fig.  1) . Polymerase chain reaction testing of regular-flowering F 4:5 plants used to produce F 5:6 seed lots indicated that no plant carried any of the components of the 35S:FT construct. Seed of the final generation (F 5:6 ) was produced from these null-segregants, so the total time required to produce F 5:6 lines was 426 d. This is in comparison to the 750 d (324-d difference), at a minimum, that would have been required for conventional inbreeding to the F 5:6 generation under an idealized scenario with the assumption of an average generation time of 150 d (Fig. 2) . This assumption is based on an approximate average days to flower for modern flue-cured and burley tobacco cultivars (Lewis et al., 2007; Lewis and Kernodle, 2009; Peek et al., 2011; Eickholt, 2012; Fisher et al., 2013) . A much greater amount of time would have been required using conventional inbreeding in the absence of the ability to use off-season greenhouse or nursery space.
We investigated the potential for phenotypic selection for certain traits using the modified system of inbreeding genotype, K 346 (Table 2) . Three lines from the selected group and a single line from the random group had an AUDPC value significantly lower than that for K 346. For EPS, 23 lines from the selected group and 10 lines from the random group had average values numerically superior to that for K 346. No lines from either the selected or the random groups had an average EPS significantly greater than that for K 346, however. Thirteen lines from the selected group and 22 lines from the random group had average AUDPC values that were significantly higher (worse) than that for K 346. Seventeen lines from the selected group and 29 lines from the random group had an average EPS that was significantly lower than that for K 346.
DISCUSSION
Approaches to rapidly achieve homozygosity in breeding populations are often of interest to plant breeders so that new inbred lines can be evaluated for characteristics of economic importance in a timely manner. Reducing time expended on inbreeding can reduce the duration required to complete a breeding cycle and consequently increase genetic gain per year. Methods such as SSD and doubled haploidy are consequently incorporated into some breeding programs, depending on the biology of by selecting for quantitative levels of resistance to the soilborne pathogen P. nicotianae. From each of two initial F 2 populations consisting of 864 individuals each, 35 derived F 5:6 lines were chosen that had been subjected three generations of inbreeding with selection for survival after inoculation with P. nicotianae. To determine the effect of this artificial inoculation technique on ultimate field performance, the selected lines were compared to 35 random F 5:6 lines derived from each cross and that had not been subjected to selection. Significant differences (P < 0.0001) were observed among entries from both the random and selected groups (Table 1) . For AUDPC, the random set of lines appeared to exhibit an approximately normal distribution (Fig. 3) , consistent with the previously reported polygenic inheritance for this type of resistance to P. nicotianae. The distribution for AUDPC was skewed in the direction of lower values (higher levels of resistance) for the selected set of F 5:6 lines (Fig. 3 ). An analysis of variance indicated effectiveness of the selection method as, within pedigrees, significant differences (P < 0.02) were observed between the selected group and the random group for both AUPDC and EPS evaluated under field conditions (Table  1) . Averaged over both pedigrees, the selected group of F 5:6 lines had an average AUDPC of 1370.7 and EPS of 56.8% (Table 2 and Fig. 3 and 4) . This is compared to an average AUDPC of 1883.4 and an average EPS of 44.7% for the random group of lines. The frequency of highly resistant lines was greater in the selected group of lines as compared to the random group of lines (Table 2) . Twenty-four lines from the selected group and nine lines from the random group of F 5:6 lines had an AUDPC value that was numerically lower (better) than that for the resistant parental the crop species, availability of resources, and amenability to doubled-haploid techniques (Forster et al., 2007; Dunwell, 2010) . Modifications to reduce generation time might also contribute to improved breeding efficiencies. In research described here, tobacco was used as a model system to demonstrate a variation of the modified SSD method where temporary inclusion of the A. thaliana gene, FT, under the control of the constitutive CaMV 35S promoter during inbreeding allowed for a reduction in the total time required to develop new inbred lines derived from biparental crosses. Expression of 35S:FT reduced the time required to complete a single generation of inbreeding from the 120-to 170-d range for a normal tobacco plant (Lewis et al., 2007; Lewis and Kernodle, 2009; Peek et al., 2011; Eickholt, 2012; Fisher et al., 2013) to approximately 69 d. Maintenance of 35S:FT in hemizygous condition during inbreeding permitted isolation of F 4:5 null segregants that did not carry transgene components at the end of the process. A total of 276 d were required to advance from seeding of the F 1 generation to production of F 5:6 seed (Fig. 2) . Because F 5:6 seed was produced from normal-flowering null-segregants, the total time required to produce the final lines was 426 d. This is in comparison to approximately 750 d (324-d difference) that would have been required using conventional inbreeding (Fig.  2) . For tobacco, the outcome would be the opportunity to conduct initial replicated testing at least 1 yr earlier, depending on the availability of space and resources to conduct conventional inbreeding throughout the year. The amount of space required from the F 1 through the F 4:5 generations was minimal and the work was performed in a 8.9-m 2 growth chamber (Fig. 1 ). In the FT-based variation of modified SSD, we also demonstrated the effectiveness of selection for a trait of economic importance in tobacco, quantitative resistance to P. nicotianae. The method was successful at increasing the mean level of resistance relative to a random set of lines, and was successful at increasing the frequency of highly resistant lines and lowering the frequency of highly susceptible genotypes. The wide range in resistance in the resulting inbred populations is consistent with resistance being controlled by a polygenic system (Smith and Clayton, 1948; Crews et al., 1964; Chaplin, 1966; Xiao et al., 2013) . The identification of three transgressive segregants with levels of resistance significantly greater than K 346 suggests that the more susceptible burley tobacco parental lines may carry resistance alleles not present in K 346. The results demonstrate that the mechanisms controlling resistance under conditions of artificial inoculation of The transition to reproductive development in many crop plants is influenced by FT-like genes. The system described here might therefore be useful in other crop species. As pointed out by Lewis and Kernodle (2009) , such systems are of greatest benefit in crop species with long generation times. The potential utility would be dependent on the availability of an effective floral inducing transgene for the species of interest, sustained physiological and developmental synchrony between reproductive tissues, and a continued ability to maintain reproductive structures on a plant with a small structure.
Although 35S:FT-based reduction of generation time during inbreeding may offer advantages for certain crop species in certain situations, several inconveniences must be mentioned. First, one of the parents used in breeding crosses would be required to carry 35S:FT. If the method was used extensively over time, however, a breeding program would likely possess many potential parental lines carrying 35S:FT. A second inconvenience is the necessity to ensure that 35S:FT is maintained in hemizygous condition during inbreeding to avoid fixation of the transgene in derived lines. This currently requires progeny testing and an increase in the total number of families and plants needed throughout the process. A method (other than genotyping or the progeny evaluation used here) that would permit discrimination between 35S:FT hemizygotes and homozygotes would be desirable. This would likely require linkage with a second transgene with a differential visible effect in hemizygotes vs. homozygotes. We are currently unaware of a suitable system. Finally, although we selected for a convenient quantitative trait in the current research, many of the most important quantitative traits (such as yield) cannot be subjected to selection in this modified system unless some type of genomic selection (Bernardo and Yu, 2007) were implemented. This is also the case for traditional SSD or doubled-haploid breeding. A multitude of visible qualitative characters such as simply inherited disease resistance traits or characters for which DNA markers are available could be easily selected for during the modified system of inbreeding described here. The system is also amenable to marker-based F 2 enrichment of desirable alleles (Bonnett et al., 2005) or potentially additional methods designed to enhance the frequency of desirable alleles in segregating populations (Bernardo and Yu, 2007) .
